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Abstract

Water pollution by recalcitrant compounds is an increasingly important problem due to the continuous introduction of new
chemicals into the environment. Choosing appropriate measures and developing successful strategies for eliminating haz-
ardous wastewater contaminants from industrial processes is currently a primary goal. Electroplating industry wastewater
involves highly toxic cyanide (CN), heavy metal ions, oils and greases, organic solvents, and the complicated composition of
effluents and may also contain biological oxygen demand (BOD), chemical oxygen demand (COD), SS, DS, TS, and turbidity.
The availability of these metal ions in electroplating industry wastewater makes the water so toxic and corrosive. Because
these heavy metals are harmful to living things, they must be removed to prevent them from being absorbed by plants, ani-
mals, and humans. As a result, exposure to electroplating wastewater can induce necrosis and nephritis in humans and lung
cancer, digestive system cancer, anemia, hepatitis, and maxillary sinus cancer with prolonged exposure. For the safe discharge
of electroplating industry effluents, appropriate wastewater treatment has to be provided. This article examines and assesses
new approaches such as coagulation and flocculation, chemical precipitation, ion exchange, membrane filtration, adsorption,
electrochemical treatment, and advanced oxidation process (AOP) for treating the electroplating industry wastewater. On the
other hand, these physicochemical approaches have significant drawbacks, including a high initial investment and operat-
ing cost due to costly chemical reagents, the production of metal complexes sludge that needs additional treatment, and a
long recovery process. At the same time, advanced techniques such as electrochemical treatment can remove various kinds
of organic and inorganic contaminants such as BOD, COD, and heavy metals. The electrochemical treatment process has
several advantages over traditional technologies, including complete removal of persistent organic pollutants, environmental
friendliness, ease of integration with other conventional technologies, less sludge production, high separation, and shorter
residence time. The effectiveness of the electrochemical treatment process depends on various parameters, including pH,
electrode material, operation time, electrode gap, and current density. This review mainly emphasizes the removal of heavy
metals and another pollutant such as CN from electroplating discharge. This paper will be helpful in the selection of efficient
techniques for treatment based on the quantity and characteristics of the effluent produced.

Keywords Adsorption - Electrochemical methods - Electroplating industry effluents - Heavy metals - Membrane filtration -
Wastewater treatment

Introduction

Water’s importance in terms of the environment is now

widely recognized all around the world. Due to the water
contamination and shortage of water, the substantial envi-
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2025, more than three billion people on the planet will lack
access to safe water, with over one-third of this population
living in water-stressed regions; by 2050, it is predicted to be
two-thirds of the population, according to the WHO (World
Health Organization) (Bankole et al. 2019). The rising popu-
lation has resulted in unplanned habitations giving growth
in wastewater discharge without any prior treatment into
the rivers/streams, degrading the quality of natural water
causing water pollution (Hosseini et al. 2016). Electroplat-
ing industries, metallurgical industries, mining operations,
power generation facilities, wastewater including heavy met-
als, and polluted organic pollutants have been released into
the atmosphere over the last two decades, particularly in
developing countries (Chen et al. 2013). Furthermore, since
1947, industrial electroplating wastewater purification has
been viewed as a large-scale protest due to its chemical com-
position, environmental impacts, and lack of convenient and
legal regulations governing its release into the environment
(Bankole et al. 2019). In the 1950s, the very first wastewater
treatment technology was developed and implemented in
industry. Electroplating wastewater contains a significant
amount of heavy metal, cyanide-complex, and the compli-
cated composition of effluents and may also include BOD/
COD, DS, SS, TS, and turbidity. The electroplating indus-
try wastewater contains about 29% of toxic and hazardous
wastes. The concentrations of these toxic metal ions are
much higher than the permissible levels. As a result, efflu-
ents from the surface finishing and plating industries must
be properly treated before being released to avoid causing
further environmental damage. Most of them are patents,
including the electroplating wastewater and metal recovery
system, as reported by Izdebski (1975), Morton (1997), and
Adiga (2000). The health effect of exposure to electroplating
wastewater, including kidney failure, thyroid dysfunction,
sleeplessness, tiredness, rheumatoid arthritis, affects the cir-
culatory system and neural system, causes gastrointestinal
mucosa irritation, and leads to lung cancer. The electroplat-
ing industry wastewater includes heavy metals such as arse-
nic (As), cobalt (Co), copper (Cu), chromium (Cr), mercury
(Hg), iron (Fe), nickel (Ni), zinc (Zn), and sometimes lead
(Pb), cadmium (Cd), and as well as acids, alkalis, and toxic
CN (Calero and B1 2014).

The implementation of an electroplating process incor-
porates the electrodeposition of a thin metal over another
metal. In this process, the electricity passes through an
electrolytic bath, dissolving and depositing the metal at the
anode and cathode. Pollution is caused by the usage of vari-
ous chemicals and metals salt. Several series of processes
are done during the electroplating process, which involves
alkaline cleaning, plating, acid pickling, and rinsing, which
create a large amount of untreated wastewater (Babu et al.
2009). This process with waste effluents treatment facilities
is carried out in a particular sequence, as shown in Fig. 1. It

is also important to note that waste acid and other coating
elements contributed significantly to the treatment process
complexity. Electroplating wastewater contains a variety of
inorganic and organic species, considering turbidity, dis-
solved oxygen (DO), COD, BOD, total dissolved solids
(TDS), total suspended solids (TSS), phosphate, sulfate,
phosphate, CN complexes, and metal ions (Husain et al.
2014; Martin-Lara et al. 2014; Bankole et al. 2017). The
primary characteristics of the wastewater generated by the
electroplating industry are shown in Table 1.

The main goal of this study is to review the essential
opportunities applicable for the removal of electroplating
industry contaminants and thus provide a good starting
point for future researchers who want to fill research gaps
in the field and enhance the advanced wastewater treatment
approaches. Although few similar review papers address the
treatment of electroplating wastewater involving heavy met-
als despite its importance as a significant water contaminant,
they all seem to be overly generic, including other metal ions
or focusing on an individual treatment approach. Electroplat-
ing wastewater treatment employs a variety of techniques
such as coagulation-flocculation (Xiao et al. 2021), chemical
precipitation (Fu et al. 2021), ion-exchange (Zhang et al.
2021), membrane filtration (Njoya et al. 2021), adsorption
(Rajivgandhi et al. 2021), and electrochemical treatment
(Sahu et al. 2014; Liu et al. 2021; Wang et al. 2021).

Heavy metals in electroplating industry
wastewater

Heavy metals such as Fe, Cu, Cr, Hg, Cd, Ni, Pb, Zn, and
many more having a very high concentration are released
from the electroplating industry wastewater. Heavy met-
als have a density of more than five times that of water
(Al-saydeh et al. 2017). It is made up of elements having
atomic weights ranging from 63.5 to 200.6 (Carolin et al.
2017). Heavy metal levels in the environment are rising,
posing a major threat to human health, living resources, and
ecosystems. Toxic heavy metals are released from various
sources; however, specific industrial sectors are the most
polluting. Due to the enormous number of unified firms and
their geographical dispersion, the plating or metal finish-
ing industry is significant among these industrial sectors.
The process used in electroplating production is the most
environmentally adverse industrial process; a considerable
amount of wastewater is generated containing heavy metal
ions. Because of the severe toxicity of heavy metals, careful
consideration has been given. To decrease the risk of toxic
substances affecting humans and the environment, wastewa-
ter rules were enacted. Table 2 lists the maximum contami-
nated level (MCL) standards for heavy metals and associated
toxicities (Hosseini et al. 2016; Rajoria et al. 2021).

@ Springer



72198 Environmental Science and Pollution Research (2022) 29:72196-72246
Work Flow
Alkaline clean Dry Basin
> Rinse l
Acid clean Dry Basin Neutralization &
Precipitation
44— Riunse 4
Cyanide ) .
. Dry B
Copper Strike Ty Basm
[ } ..
Cyanide Oxidation
Makeup >4 Rinse J
Water
v
Acid Clean Dry Basin Precipitation
Gravity
) — Settling
— Rinse Precipitation
Platin.
anne Metal Removal
Treated
) Water
> Rinse
Precipitation
Metal plating L
1 ‘
- \1/ Sludge
Hot rinse and dry OFF Site
Treatment/Disposal

Fig. 1 Typical electroplating process with waste treatment facilities

Non-biodegradable pollutants pose significant health and
environmental risk, and secondary procedures cannot be
used to remove these wastes. Advanced wastewater treatment
processes such as ion-exchange, adsorption, membrane sepa-
ration, and electrochemical approaches can be employed to
remove these resistant pollutants.
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Table 1 Characteristics of the electroplating wastewater (except tur-

bidity in NTU and color)

Parameter Range (in mg/L)
pH 2.02-7.6

TDS 1200-6500+ 80
TSS 175-3800 + 60
COD 180-3404.4
BOD 1.56-1600 + 60
Chloride 500-2100+50
Sulfates 400-1450+50

Total alkalinity

Oil and grease

Total residual chlorine
Ni

Cu

Cd

Total Cr

Total organic compounds (TOC)
DO

Nitrate

Ammonia

Phosphate

CN

Fluoride

Sulfate

Nitrite

Calcium

Turbidity

Color

100-900+20
4-8+1
15.58-550
5.82-1550
2-2980
0.03-102
0.19-25,176
60.95-1278.4
2-4.00
8.92-891.00
50-150
50-278
120-261
100-305
500-1800
1.20-5.70
4.2-14.3
34.8-256

Dark yellowish
brown, light blue,
light green

technology. The appropriate protocols are used for
the clearance of water pollutants. In order to minimize
pollution emission, water management, and energy

consumption, industries must deal with a variety of issues.
As a result, several treatment methods were created to
ensure environmental safety, which has grown into an
important research topic. Coagulation-flocculation, pre-
cipitation, adsorption, membrane filtration, ion exchange,
electrodialysis, electro-flotation, electro-coagulation, elec-
tro-oxidation, and advanced oxidation process (AOP) are
the most demanding and assuring techniques applicable
for reducing the industrial effluent (Yadav et al. 2021).
Several patents have been found regarding this type of
processes (Kang 2003; Fresnel 2015; Li and Lichun 2017;
Chongwu Guo 2020). Figure 2 shows the flow diagram of
different wastewater treatment methods. Although all of
the above methods can be used to treat wastewater, many
aspects must be considered when choosing the best treat-
ment method, including removal performance, efficiency,
adaptability, and safety. Most treatment procedures are
ineffective and expensive if metal ions concentrations in
wastewater are less than 1-100 mg/L (Al-Qodah and Al-
Shannag 2017). Fast, clean, cheap, and environmentally
friendly approaches should be applied, considered the best
removal method. Heavy metals as electroplating efflu-
ents are degraded using a series of techniques for proper
treatment.

Coagulation/flocculation technique

Coagulation is a method in which insoluble or suspended
particles are combined into big aggregates to generate coag-
ulants. Coagulants such as aluminum, ferric chloride, ferrous
sulfate, and others are often employed in traditional waste-
water treatment processes to help in the removal of waste-
water particulate contaminants through charge neutralization
of particles. Figure 3 shows how coagulation-flocculation
has been used to treat drinking water and decontaminate

Table 2 The MCL standards for the most hazardous heavy metals and their toxicities

Parameter Toxicities Maximum value Maximum effluent discharge stand-
ards (mg/L)
USEPA WHO NI
As Diarrhea, cancer, skin lesions 0.1 0.050 0.05 0.05
Cd Fragile bones, death 0.1 0.01 0.005 0.01
Cr Skin irritation, blood disorders 0.1 0.05 NA 0.05
Cu Difficulty breathing, nausea 0.5 0.25 1.0 0.05
Pb Kidney failure, thyroid dysfunction, insomnia, fatigue 0.2 0.006 0.05 0.10
Hg Rheumatoid arthritis, affects the circulatory system and 0.01 0.00003 NA NA
neural system
Ni Dermatitis, chronic asthma, nausea 0.5 0.20 NA NA
Zn Depression, neurological signs, lethargy 2 0.80 NA NA

USEPA United States Environmental Protection Agency, WHO World Health Organization, IS/ Indian Standards Institution (ISI)
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Fig. 2 Different treatment meth-
ods for wastewater
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Fig.3 Coagulation and flocculation for wastewater treatment produced

industrial effluents (Yadav et al. 2021). It is also effective
for metal ions with concentrations of smaller than 100 ppm
or greater than 1000 ppm. This process effectively removes
the heavy metal when the pH ranges from 11.0 to 11.5, the
same as chemical precipitation. This process cannot entirely
remove the effluents in industrial wastewater, and sludge is
also produced because of the coagulants used (Chang and
Wang 2007). As a result, coagulation or flocculation should
be integrated with other wastewater treatment procedures
such as precipitation or casual reduction. For example, Bojic
et al. (2009) used a micro-alloyed aluminum composite to

@ Springer
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investigate an integrated strategy, i.e., a spontaneous reduc-
tion-coagulation process to eliminate Zn(Il) and Cu(IT) metal
from wastewater. The flow rate, pH, and metal ions concen-
tration are the operating parameters that were investigated
to achieve the higher removal capacity. Tao et al. (2016)
studied the effect of Nano coagulants like AgNPs on heavy
metal concentration and can reduce the TOC in the wastewa-
ter. The advantages of the coagulation-flocculation process
include settling suspended materials in a short time interval
and superior dewatering properties. In contrast, the disad-
vantages include sludge generation and high operational
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costs due to chemical requirements. Table 3 shows the out-
comes of specific research projects that used coagulation-
flocculation to remove effluents from wastewater.

Chemical precipitation technique

Chemical methods have become widely used in various pro-
cesses in recent decades of electroplating industry develop-
ment due to their mature techniques and low investment.
Chen et al. (2009a) show the general flow of chemical pre-
cipitation methods in Fig. 4. It is an appropriate method
for treating electroplating industry wastewater, including
cyanide, heavy metals, etc. Although chemical treatment of
electroplating wastewater is fundamentally an ultimate treat-
ment strategy, it can only minimize the quantity of treatment
discharged and cannot completely heal the problem (Lu and
Wu 2020). In this process, chemicals react with heavy met-
als in wastewater, leading to the formation of insoluble pre-
cipitates. In the modern electroplating industry, the chemi-
cal precipitation of heavy metals using lime, sulfide, and
caustic soda is the most extensively used treatment process,
which occupied pH arrangement to necessary conditions to
minimize metal ions solubility in the effluent (Ku and Jung
2001).

Hydroxide precipitation and sulfide precipitation are two
types of processes used in the chemical precipitation tech-
nique. Cr, Cu, Zn, Cd, and Mn are easily removed by apply-
ing the chemical precipitation technique (Bilal et al. 2013).
Most of them are patents, including the removal of the Cu
complex reported by Zhou (2013). The chemical precipita-
tion method has advantages like a simple operation, low-
cost precipitant agents, and minimal initial investment due
to their being easily accessible. At the same time, the disad-
vantages include that it generates a huge quantity of sludge
that has to be treated further to extract metals, ineffective
with the low concentration of metal ions, and sludge clearing
issues, all of which have long-term negative environmental
consequences (Barakat 2011; Fu and Wang 2011). Table 4

shows the outcomes of specific research work that used
chemical precipitation to remove effluents from wastewater.

lon-exchange technique

Ion-exchange is a wastewater treatment separation pro-
cess that can eliminate a large amount of metal ions. This
technique replaces the ions with another for wastewater
treatment, resulting in high-quality treated water that may
be reused. As a response, ion-exchange resins of various
sorts have been utilized to treat wastewater containing
mixed metal ions as well as inorganic and organic con-
taminants (Bisht and Agarwal 2017). Synthetic resins are
the most extensively approved of all the materials used in
ion-exchange techniques. This resin can eliminate almost
all heavy metals from a solution. Temperature, pH, initial
concentration, and retention time all influence the uptake of
heavy metal ions by ion-exchange resins (Gode and Pehli-
van 2006). Several patents for this method have been identi-
fied (Etzel 1980; Katoh 1985). In 1995, ion exchange resin
(MIEX) was used to remove natural organic materials; this
resin is regarded as the first ion exchange resin (Ambashta
and Sillanpaa 2010). Figure 5 shows the cation exchange
resin in column ion-exchange tests to remove metal ions
(Yadav et al. 2021).

Cavaco et al. (2007) tested the performance of ion
exchange resins in the removal of Cr (III) from untreated
wastewater. Overall, the chelating resin (Diaion CR11)
appears promising for electroplating effluent treatment.
According to the findings, Zewail and Yousef (2015)
developed a batch conical air spouted tank for Ni and
Pb removal from wastewater utilizing strong cation
exchange resins (Ambserjet 1200 Na). They also look at
how other factors like contact time, superficial air veloc-
ity, and the initial concentration of heavy metal ions affect
the proportion of heavy metal removed. They were able
to remove 99% of Pb and 98% of Ni, respectively, under
optimal conditions. Alyiiz and Veli (2009) examined the
elimination of Ni and Zn from aqueous solutions using

Fig.4 Electroplating waste-
water chemical precipitation
treatment method
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Metal Hydroxide Particles
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O &) o
&)
Settled Metal ﬂ
Hydroxide & 8
Cooe, o o e e
e @© @
S|Udge 9%0 OO Coo @

@ Springer



Environmental Science and Pollution Research (2022) 29:72196-72246

72206

(9107 Te 30 nk)

(810 'Te 30 uay))

(0z0T Breyg)

(020T T8 10 UBX)

Dd uey) uonez
-I[IqOWWI [e}oW AARSY J0]
A)qIqe 103uU01)s B Sey S
‘Suraes-own pue ‘A[puaLly
Areyusuwruoaraus ‘opduirs
)S09-MO[ 9q 0} pawIe[d
Q1om sayoeoidde juow

-van 4 $od pue D wog

suonnjos snoanbe woiy
s[elow AAeQy SurjeuIwId
103 yoeoidde aanjoagye pue
J[qeIA JSoul 9y} sem STEN
Surppe Aq uonejidroaxd
OpYINs ‘%ECL 66 <JO
QJel [BAOWAI B YA
(0D%N)
SI19]EMI)SEM WIOTJ SUOT
[B1oW POA[OSSIP QAOWIAI 0}
pardde oq ued yse epog
'6 Hd punoIe uajjo ‘aSuer
Hd 1omo7 ® je 9je1odo 03
9[qe 3uraq pue ‘uonedro
-a1d aprxo1pAy 03 uondo
JUSWIIBAI) [NJSSAINS ©
sem uoneydroard ayeuoqre)
Kouaroyje
[eAowal1 1sAYS1Y Ay} sey
31 90UIS UOIRUIQUIOD 1S9q
oy st HO®N +“(HO)eD
pazimn sem om} Ay}
Jo amjxiw e pue ‘(HOBN)
“(Y(HO)BD) St yons sjuase
Sunendroaid ‘soprxoIpAy
se (111D 9rendoard of,

{HO)®D yim uone)t

-drooid-a1d pue uondiospe

IeyooIq Yiim pauIquiod
uoUM Jow 9q JY3TW BLI)
-110 93TeyoSIp INq ‘109x2

Py & pamoys O0vIN'T

(Jourwr BUWYT) YIM
juonpye Sunedonosye

[©21 JO JuaUILaI) 10IIP Y],

¢'06-uZ
‘S'€L-Ad ‘§°€9"IN
‘001-0D ‘9°65-1D

SL'66-ad
66'661D
66'66-UZ

86

06

€8 skep ¢

T0F0L VN

VN

001

[44!

£5°9¢

(o) apyins
uo pue (Og) Teyoorg

(S%N)
‘00N “(“(HO)®D)

HO®N pue {(HO)®D

YHO)®D

(IDuz ‘apnd
‘Dad “(IDIN “TA)XD

(IDad pue (IDUZ ‘(00D

D

IN

SOOUQIRYY

syreway (%) ASUSIOYJO [eAOWIDY

Hd sown joejuo) (J/3wr) "ou0d [RNIU]

jueyrdioaiq

[erow AAvoH

anbruyoe) uoneldroard [eorwoyo uisn [ejow AABIY JO [RAOWIDY § d|qel

pringer

Qs



72207

uoneurwIfo SH JO S[OAJ[
19YS31Y 9AQIYOE 0} PapIau
S 1A SS9 T} ‘sjuaSear
[eroIoWIWIOD uey) wers
13d oarsuadxa a1owr

(800T Te109nIg)  Apuormo st LA SMUYM

uonnjos
ur [elowr AABaY 9[qn[os Jo
UOTIBIIUSOUOD 9Y) JOMO]
0} PaIBIISUOWAP UIIq SBY
yse A Jo aouasaxd oy ur
OPIXO WNIO[ED YIIM UOT)

(86007 ‘T8 310 UayD) -eyidroaxd stelow Aoy

94 pue ‘n)
‘uz SuIureIuOd I9JeMI)SEM
Jea1) 0} PIZI[NN IoM
yoeoidde uonernooog—uon
-e[n3eoo pue uonejdoald
IPIXOIPAY Y, "PoseaIdUT
uone)idioard aprxoIpAy A
(600T "Te 12 Bued) ._m>.o&8 E%.ﬁ bm.ow mm
(600T Te P SUBd)  sgouoanoaye oy posiel

(600 ‘T2 10 Sueq)  UONEIUIDUOD [BIOW ) SY

suorn
-eIJU9OU0d UZ pue (JOD
Y31y M I9Jema)sem
[eLISNPUI JO JUSUIIRAT)
[nJss200nSs © st pajuasard
st yoeoxdde uoneydroard
QwI[ B AQ PaMO[[0J UOIUD]

(1102 'Te 1 ysoyn) -0190]0 UONBUIqUIOD Y/

YHO)®D +HOBN jo a1
-XIW © ST [BAOWNI 1)) I0J

(Z10T yereuystyewey) JuaSe Sunendroaid 3saq oy,

6'66< vOPUBLY

(L 1dag) se[orygoue
-()90PIWRIPAUIZUG-¢ |

awry

VN
VN
VN

(O®D) swir]

YHO)*D+HOBN

(ID3H

ad 1D ‘uz ‘np

(IDad
annd
(IDuz

uz

D

SOOURIRYY syrewoy (%) ASUSIOYJO [eAOWIDY

Hd sown joejuo) (J/3uwr) "ou0d [eNIU]

jueyidioaid

[eow AAvoy

Environmental Science and Pollution Research (2022) 29:72196-72246

(ponunuoo) ¢ sjqey

pringer

as



Environmental Science and Pollution Research (2022) 29:72196-72246

72208

(200T T 12 Yo01eN)

(00T T 1 sonodopede)

(9002 Te 19 onD)

suonipuod Hd pue aanep
-1¥0 Jopun sayeydroaxd oy
Jo KqiIqels a[qesTewal oyl
JO 9sNBOaq SUOTIEIIUIIUOD
[eIoW SZIWIUIW 0} IAIPPE
ue se pasn 2q ued 19Jg
(%€'86 01
' #6 WOIJ) SUOIILIUIIUOD
IN UT UOT}ONPAI 19)BaIs ©
ur pay[nsal sanbruyse) uon
-eyidroaxd pue aSueyoxo
-UoI JO UOTBUIqUIOd Y[,
pawIoj 93pn[s 2y} Jo
uonejuawIpas Jood ay) £q
PoIoIISaT AT3eaId ST yoTym
‘uoneyidioard HOeRN SI
9[9K291 ([I)ID Surokoar
I10J ss9001d UOWIIOD ISOW
oyl ", SN pue . ) Jo
Aniqededs SuiSpriq oy3 03
anp sajendoaid BN uey)
19)se] APJUROYIUSIS Poa[IIas
areydoard Q3N pue Q)

(1LAQg) uotuerp [orypouL

od

(IDIN

(11020)

SOOUQIRYY

syreway (%) ASUSIOYJO [eAOWIDY

Sy VN ¥61 ~{IR0PIWRIPIUIZUSY -C "
S0l ye> 9IS VN
08 VN £9¢¢ OSIN pue OeD
Hd sownjoejuo) (J/3wr) "ou0d [eNIU] jueydioaig

[eow AAvoy

(ponunuoo) ¢ sjqey

pringer

Qs



Environmental Science and Pollution Research (2022) 29:72196-72246

72209

Fig.5 Column ion exchange
used for heavy metal removal

Sample

] Filter

Cation exchange resin

] Filter

Dowex HCR S/S cation exchange resin. Dowex HCR S/S
type resins can reduce residual heavy metal concentra-
tions below discharge limits because they are sodium-
based and have excellent cation exchange capabilities.
The influences of pH, resin dosage, and contact time on
the removal process were investigated using batch shak-
ing adsorption tests. The most efficient elimination of
Ni and Zn was found to be at pH 4 and 6, respectively.
Ni and Zn adsorb to equilibrium in 90 min and 120 min,
respectively. They found that under ideal conditions, Ni
and Zn were removed from aqueous solutions at a rate of
more than 98%. Besides the great use of the ion-exchange
process, it also raises the operational cost, and on a large
scale, it cannot be appropriate for wastewater treatment.
The limitations of this method are high resin cost, slow
operation rate, regenerations of resins, high capital, and
operational cost. lon exchange is also a nonselective
mechanism that is extremely sensitive to the pH of the
solution (Barakat 2011). The results from some research
work using the ion-exchange method to remove heavy
metals from wastewater are shown in Table 5.

1 Filtered Sample

Membrane filtration technique

Membrane filtration is a pressure-driven process of separa-
tion that has been used in wastewater treatment. Membrane
filtration has several advantages over other traditional
techniques, including high separation performance, energy
savings, the ability to scale up quickly, high efficiency in
recovering heavy metal ions, and being environmentally
friendly (Zhu et al. 2014). Besides some advantages, it
also has some disadvantages, such as the operational cost
is high due to membrane fouling, costly membrane sheets
for high removal of heavy metals, and low permeate flux
(Malaviya 2011). It depends upon the different variety of
membrane various membrane filtration techniques were
employed. Heavy metals can be removed via membrane
filtering techniques like ultra-filtration (UF), reverse osmo-
sis (RO), and nano-filtration (NF), which are all dependent
on particle size retention. On the basis of pore size (0.05
to 0.1 microns) and molecular weight of the separating
compounds (1000-100,000 Da), UF uses a permeable
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membrane to separate heavy metals, macromolecules, and
suspended particles from inorganic solution. Water can
pass through the membrane in RO, a pressure-driven mem-
@ ~ o~ brane process, while heavy metals are retained. Due to the
o K K . . . . .
S 2 progressively stringent environmental legislation, RO has
w | = = = been designed with a membrane pore size in the range of
% g E E (0.0005 to 0.001 microns). NF membrane has tiny pores
% 3 é é and membrane surface charge, W.hICh rejected the bigger
2 = == neutral solutes or salts and permitted to pass the charged
= s é = solutes smaller than the membrane pores. Figure 6 illus-
= § gu g 5 trates the various membrane technologies and their ability
i/ ? % E %:i‘ to remove multiple species, including heavy metal ions.
@S ,EBE Basic parameters such as pH, temperature, pressure, feed
E 3 éiebé Eé’ = concentration, membrane configuration, and size affect
" & §0 N § £ § membrane performance (Saeid et al. 2016).
= _°§ %% E "::: :<§ Juang and Shiau (2000) published some major research
5 é EE8s528 i on removing Cu(Il), Co(II), Ni(II), and Zn(II) ions from
~ aqueous solutions applying chitosan enhanced membrane
§ filtration. The ultra-filters were made using amicon-gener-
% ated cellulose YM 10 and YM30. With an initial Cu(II) con-
g centration of 79 mg/L and Zn(II) concentration of 81 mg/L
l; and pH ranging from 8.5 to 9.5, Cu (II) ions were removed
é - . - 100%, and Zn(II) ions were removed 95%. Due to its greater
212 S 3 coordination with chitosan, Cu (II) removal is more compe-
s tent than other metals. Their studies revealed that chitosan
g increased metal removal by 6-10 times as compared to using
E a membrane alone. Mohammadi et al. (2009) investigated
g 2 <Zt <Zt the effectiveness of RO technology in removing Cr from
— synthetic wastewater samples prepared in the same way as
éo electroplating industrial effluent. To measure the efficiency
5 of Cr removal, researchers used a pH 6 to 7, an applied pres-
% sure of 200 psi, a temperature of around 25°C, and a feed
_T‘; Cr concentration of 10 mg/L. The efficiency of Cr removal
E § was as high as 99%under the optimized conditions. Qin
) et al. (2002) examined the RO technique to treat spent rinse
*z; 2 2 water from metal plating to meet the standards for reuse
% % é as alkaline rinse water. Due to proper ultrafiltration (UF)
g g % 'g coupling with RO membrane, appropriate UF pre-treatment
olm o o might reduce RO membrane fouling and boost RO mem-
" 5 brane flux by 30-50%. At permeate conductivities below
g % - ;T 45S/cm, Ni, nitrate, and TOC concentrations were 0.01, 2.1,
-d.: Lé § § . and 3.0 ppm, respectively, with conductivity rejections of
gﬁ - g = 2 over 97%, 99.8%, 95%, and 87%. However, Cimen (2015)
g i é § g employed reverse osmosis with AG, SWHR, SG, and SE
g E, § % § membranes to study chromium removal from wastewater.
c g £ % S E» The amount of chromium rejected was determined by the
§ ) g < § o membrane type, operating pressure, pH, and feed water con-
S centration. The membrane's rejection capacity increased in
é the following order: AG>SWHR >SG > SE. Low Cr (VI)
g = concentrations of 50-100 mg/L produced good results.
= | 2 Using the AG membrane, 91% removal efficiency and per-
% g g g g meate flux were achieved. pH 3, 100 mg/L concentration,
cl2135 S O and 20 bar pressure were shown to be the optimal conditions
@ Springer
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COST OF TREATMENT
LESS < D MORE
LEVEL OF TREATMENT
» | Size in Microns (larger to smaller) | ¢
10 1.0 0.01 0.0001
A A A A
1000 10 0.1 0.001
h h h h
’.\ | /.’ . , )
AN \_/ / £
\v. ,-/ ] _ ~ 7 N/ 7 bI — N\
I | f

Particle Filtration

Ultrafiltration

Reverse Osmosis

Microfiltration

N

Nanofiltration

s

Filtration and Membrane Process

Fig.6 The range of application of membrane processes for the separation of metal ions

for chromium rejection from wastewater utilizing AG mem-
brane. Wei et al. (2013) studied the removal of heavy metals
from real electroplating effluent using thin-film composite
NF hollow-fiber membranes. The concentrations of Cr, Cu,
and Ni ions in the retentate were 5.72, 5.66, and 5.63 times
greater, respectively, than their original feed values. Under
pressure (0.4 MPa) and pH 2.31, the removal efficiency
for Cr, Cu, and Ni ions was 95.76%, 95.33%, and 94.99%,
respectively. Table 6 shows that, compared to UF and NF as
membrane filtration, RO is more effective in removing heavy
metals from wastewater.

Adsorption technique

Adsorption is a method for removing heavy metals from
wastewater that is frequently employed. Adsorption is a mass
transfer process in which a material is transported from the
liquid phase to a solid's surface and is bound by physical and
chemical interactions (Babel 2015). This procedure forms
an adsorbate coating on the adsorbents' surfaces. The adsor-
bents have a high adsorption capacity and a large interfacial

area. Desorption can be used to reverse the adsorption pro-
cess and recreate the adsorbents. Adsorbents can be made
from natural materials, agricultural waste, and industrial
by-products. The most effective adsorbents in the adsorp-
tion process are activated carbon (AC), carbon nanotubes
(CNT), and low-cost adsorbents, including clay, biomass,
peat, and so on. All of these adsorbents are reviewed further
below. This technique adsorption has significant economic
and environmental benefits, including cheap operating costs,
easy availability, profitability, and high productivity Agus-
tiono et al. (2006) analyzed several papers on the removal
of heavy metals Cr(IIT), Cu(Il), Cd(II), Cr (VI), Ni(II), and
Zn(IT) from electroplating wastewater using a variety of low-
cost adsorbents made from natural materials, agricultural
residues, or industrial by-products.

Furthermore, Alslaibi et al. (2013) employed micro-
waved olive stone activated carbon to extract Cd from an
aqueous solution. The interaction and relationship between
operating factors (i.e., radiation power, radiation time, and
impregnation ratio) were investigated using central com-
posite design (CCD) and response surface methodology
(RSM). When the radiation power and impregnation ratios

@ Springer
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are 565 W and 1.87, respectively, they found that 7.0 min
of contact time is required to achieve 96.25% Cd(II) elimi-
nation and 86.05% olive stone activated carbon (OSAC)
yield. For treating heavy metal-contaminated water, Guo
et al. (2010) employed poultry litter as a precursor material
in the manufacture of AC. They accepted that commercial
activated carbons made from bituminous coal and coconut
shell had much higher adsorption affinity and capacity for
most heavy elements than poultry litter-based activated car-
bon. They also noticed that nutrient and metal ion emissions
from litter-derived carbon did not constitute a risk of sec-
ondary water contamination. In a study conducted, Kongsu-
wan et al. (2009) demonstrated the potential of employing
AC extracted from eucalyptus bark and processed using the
phosphoric acid activation method to manage heavy met-
als in low-strength wastewater. After that, the AC was used
to sorption of Cu(II) and Pb(II) ions. The greatest sorption
capacities for Cu(Il) and Pb(IT) were 0.45 and 0.53 mmol/g,
respectively, at the ideal pH for sorption of 5. Accordingly to
Jiang et al. (2010), heavy metal ions such as Cd(II), Pb(1l),
Cu(II), and Ni(II) may be eliminated from real wastewater
using kaolinite clay from Longyan, China. The adsorption
of metal ions onto kaolinite clay is influenced by a number
of factors, but the solution pH has a substantial impact. The
selectivity sequence for adsorption of these metals was Pb(I
I) > Cd(II) > Ni(Il) > Cu(II), while desorption of Cd(II) and
Cu(II) was easier than Pb(II) and Ni(II). The absorption is
rapid, with maximum adsorption taking place in less than
30 min. The amount of Pb(Il) in the water was lowered by
this clay from 160.00 to 8.00 mg/L. A variety of sorbents
have already been investigated by a number of research-
ers. Some of the potential low-cost sorbents include bark/
tannin-rich materials, lignin, chitin/chitosan, dead biomass,
seaweed/algae/alginate, xanthate, zeolite, clay, ash, modified
wool, peat moss, leaf mold, iron-oxide-coated sand, bone
gelatin beads, and modified cotton. The results of altering
the pH, contact time, initial metal concentration, adsorbent,
and dosage as adsorption parameters are shown in Table 7.

(Ahn et al. 1999)

References

more Ni in NiSO,

tem experiments,
solution than

NF eliminated
that from NiCl,

In single-salt sys-
solution

Removal system Removal efficiency Remarks
(%)
94

Initial conc. (mg/L) Optimum pH Pressure
3-7 2.9 bar NA

2000

Electrochemical techniques

The electrochemical technique was initially used to treat
wastewater in England in 1889 (Wang et al. 2007b). These
electrochemical approaches proved to be a great alterna-
tive to the standard physicochemical electroplating waste-
water treatment techniques (Chen et al. 2009b; Rodriguez
R et al. 2009). Electrochemical treatment, in comparison,
is a promising approach that provides some benefits over
other methods for remediation of recalcitrant pollutants,
such as no requirement of further chemical reagents, low-
cost operation, high selectivity at ambient temperature,
and pressure, and vigorous achievement and eco-friendly.

Type of membrane

NTR-7250

Heavy metal

Ni(I)

Table 6 (continued)

applica-
tion

Type of
NF

@ Springer



Environmental Science and Pollution Research (2022) 29:72196-72246

72218

“{HO)ED

Yaim uonet

-droard-o1d

pue uon

-diospe

Teyoolq s

pauIquiod

uayM oW dq

Y31 eLIo)

-110 931eYOSIp

nq 109

pajwry e

pamoys

00vYIN'T

(rourx

RUWT) YIIM

juanpge 3ut

-yerdonoore

[ea1 Jo

jusunear)

(0z0T TR 10 UBX)
Kyoedeo
1918013 B Sey
STV ™y
“(Sry) sposs
aqninf me1 0y
paredwoo se
‘Jnsare sy
"(IDad Toy
S/8w 611
pue suot
(IDuz 105
3/8w 11T
Jo senmoedes
Imwsgue|
papraIk
(Srvn) suor
spaas aqninl
pajsisse

-oruosen|

(120t
‘Te 30 uyIeAen)

1amp oy,

06 uord

VN VN

c0+0L

'S

89Ty T/80°¢Pue (T

8'611-(IDAd
I'1¢¢-(IDuZ

(1/3)
v'¢-(QDad
e-(IDuz

VN £6°9¢ VN IN Tegoorg

(Srv
) reyoorg

(IDad

I 0c-uz VN pue (IDuz

S0UQIJY SYIRWAY

WISAS
(%) Kouaro uon
-jo [eaoway  -diospy

Hd renrug

(3/3ur)
Ayoedes
uondiospy

Juaq
-10Spe 9S0(]

juade
SuIIpo

(C)) (7/3u)

w 19.IU0) *OU09 TenIuy [erowr AABOH JUqIOSpy

sonbruyo9) uondiospe snoLea Juisn s[eIoW AABIY JO [BAOWY / d|qeL

pringer

Qs



72219

Environmental Science and Pollution Research (2022) 29:72196-72246

pasearour
sem a3esop
ju9qIOSpe
) se
Apueoyrusdts
pasearour
Suol 953} Jo
sagejuoorad
uondiospe
QUL "S[eowr
Kaeay jo
JuSUIEaI)
Q3 ur pasn
9q ued pue
Kyroedeo uon
(0zoz  -drospe ysSiy

Te 10 qniy) e seq Qv “OLL
Anandiosqe
Suomns pue
‘uoneredard
yomb 1500
Mo Jur
-pnpour
‘saSejueape
JOUnSIp [e1d
-A9S pey pue
UonRIpRLI
QABMOIOTU
Kq paredaxd
K[oAT309)J
sem (X
-MINHY)

(020T Te 2 nd) JSnH 901y

96-UZ
L6100
L6-0A)D

8¢°96-(IDIN
86°66-(1IDPD
76'66-(IDAd

VN

yoreg

08°2L-(IDIN
IS TST-ADPD
§'S  0Ts6z-(IDad

1/3 ¢ pue g

VN

99°C 0¢

(D
ad ‘IDIN
‘appD
/3w 979°C
S0 ‘T96'T “LS6Y

uoqred

VN uz n) 1y AeANOY

(ID'N

VN ‘(DpD ‘(IDad SNy 991y

SOUQIJOY SYIRWAY

(%) Kouaro
-1J9 [eAOWY

WISAS
uon
-diospy

(3/3u)
Ayoedes

Hd renmug uondiospy

Juaq
-10Spe 30T

(U] (7/3u)
auIn JovIU0D *Ou09d [enIuy

juade

SUIKJIpPOIN  [e1ew AABSH JU2QIOSPY

(ponunuoo) £3|qey

pringer

as



Environmental Science and Pollution Research (2022) 29:72196-72246

Sreno-(IDIN
Surureyuoo
juonpge 3ut
-Jerdonoore
[ea1 Sunean
J0J Ju9qIospe
pue is£[ered
QATIORJJQ UE
sem SHO
Sunpnsax
) ‘wo)sAsS
‘O°H/(SHD)
a3pnys Sur
-yerdonoafe
(qozoz pauroes
Te 30 Suad) [oA0U 3} UJ L8 VN ST0F€9°L 60°¢81 1361 €80 8'CF€8T VN  9eno-(IDIN NEl)
sursar
Sunyeroyo pue
‘o3ueyoxe
-uomned sno
-LIBA ‘U0QIeD
pajeAnoe
se yons
sjueqIospe
pasn Ajuowr
-wod ueyy)
JuQUIEaI)
Iojemalsem
Sururejuod
-[oTu [ea1
ur,-IN 10}
Ayoedes
uondiospe
191399 A[[en
-ueIsqns e
pey (SHY) (SdD) o3pnys
a3pnis Jur Sunerdonoso
(e0T0T -1e[donoayo 6'01C-SHY paulores
Te 10 Suad) Meloy] VN VN 69 9°€91-S4D 130+ 1 TLYS VN IN pue SHY

WoISAS (3/3ur)
(%) Kouaro uon Kyoedeo juoq L)) (7/3w) juode
SQOUAIJY sYyreway — -gje [eaowey -diospy  Hd renmug uondiospy -IOSpE 9SO(] QW) JOBIU0D) *OUOD [enIu] Sutkyipojy [eew Kavoy JUSQIOSPY

72220

(ponunuoo) £3|qey

pringer

Qs



72221

Environmental Science and Pollution Research (2022) 29:72196-72246

(uwnjod
Pag-paxy
uondiospe
Quo jsnf

pue 1) jo
uononpax
a3e3s 181y

B IA “9T)
1s1 QY uey)
juLUIIERAI) 19}
-BMQ)SEM 1O
9[qelns AIow
9q 03 pasoid
(suwn[od paq
-paxy uon
-d1ospe om}
pue a3e)s
uonoNpal

U) oYM
©9°T) saIpnys

uondiospe 19'€-IN I-IN (DN
(102 Jo a3e1s L6'T-1D €-nd (ImnD
14 pue oId[eD) puod9s ay |, VN C LTTIO VN um 08 01-1D VN IA1D Qu0Is IAIO
s[ero)ew
IoY30 Y}
powioyrad
-JNo uoqIed
pareanor 9ok
-wod ode13
‘eare 149 ode13 woiry
(102 Is9[[ews oy (IDad  paredaid uoq
Te J0 e[jopIeS)  Sutaey oyrdso] VN 9puegeg VN VN VN VN VN (IDPD  -Ted AeAOY
WoISAS (3/3ur)
uon Kyoedeo juoq L)) (7/3w) juode
SQOUAIJY SYTRWY -diospy  Hd renmug uondiospy -IOSpE 9SO(] QW) 10BIU0D) *OU0D [enIuf Sutkyipojy [eew Kavoy JUSQIOSPY

(ponunuoo) £3|qey

pringer

as



Environmental Science and Pollution Research (2022) 29:72196-72246

72222

(€10 1ze3H)

(€107 1ze3oH)

(€107
T8 19 1qe[STY)

yse 7586

AP ym 2AD €0'96
-00JJ 10w .

sem n)) pue 598

909L

PO Jo uon
“euTwI[o YL, ¥SEL VN L9

(1/3w) 09

I3eMIISEM
[e_I UL IN
pue ‘qq 94
JO [eAOWAI
snoaue) WIS
o) UT 9AT}
-003j0 9q
0} punoy

sem SNy 90Ty

696
LT'L8
§T66
L1°86
16°L9 VN L=9 VN

(1/3w)
09 pue og

Suneay
QABMOIOTW JO
saInjesy 1eaIsd

oY) are own
Surssaooxd
I2)I0yS ® pue
Kouaroyje
AS10u0 ‘o)
-erodway
Jnq mof &
e A[oATORJJ0
pue Appomb
poaooid ued
uonoeal
paonpur
-9ABMOIOTU
) ‘Juneay
QABMOIOTW
Jurmp 208}
-Ins p[od sy
pue sponied
Teyo oy} Jo
JoLIuI oY)
uooMmIeq
QOUAIYIP
armjeradway

a3rer v 0) oang

43 VN L=S9 CLTI VN

VN ‘0S ‘OF “0€ ‘0T

‘0t ‘0€ ‘0T

C

C

VN

no

o4
qd

09-0T VN |26} yse K14

qd
od
no

09-0¢ VN PO sny 201y

uoqIed
pajeAnoe
QUOJS JAI[O

POABMOIDTIA

0001 VN (IDPD

SOUQIJY

WISAS
(%) Kouaro uon
-1y [eaowey  -diospy

(3/3w)
Ayoedes Jueq
uondiospy -J0spe 2so(]

SRWY Hd rentup

CY)

wn JoBIU0D)

*OU09 TenIuf

juade
SurkyIpo

(7/3u)

[erowr AABOH JuqIOSpy

(ponunuoo) £3|qey

pringer

Qs



72223

Environmental Science and Pollution Research (2022) 29:72196-72246

SLNOMIN
payipioe uo
pagiospe
£00qd pue
“(HO)ad
‘04ad £q 10§
paunoode
st Ayroedes
uondiospe
(IDad aw
JO %¥'€ ATUO VN VYN
owm
3uo[ ® saye)
SI19)EMI)SBM
woy (JA)ID
QAOWRI 0)
sjuaqIospe
se SLNOMIN
Suisn
'S9sBAIOUT
uonep
10BIUOD Sk
A[mors uay)
‘181 38 AJpr
-dex suaddey
uondiospe
IAD
‘SINDMIN
PpazZIpIxo uQ VN VN

(eL00T
‘Te 30 Suepy)

(600T e 19 nH)

VN

c0C

VN

VN

VN

VN

S91

0s

VN

SLNOMIN

VN (Inad pagIpoy

SLNOMIN

VN (IAD PpazIpIXQ

WISAS
(%) Kouaro uon
-1y [eaowey  -diospy

SOUQIJOY SYIRWAY

Hd renrug

(3/3w)
Ayoedes
uondiospy

Juaq
-10Spe 30T

CY)

wn JoBIU0D)

(7/3u)

*OU09 TenIuf

juade

SUIKJIpPOIN  [e1ew AABSH JU2QIOSPY

(ponunuoo) £3|qey

pringer

as



Environmental Science and Pollution Research (2022) 29:72196-72246

72224

8/3W 010°L
Jo Ayoedeo
B M
uoqed ysny
jnupunoisd
Niewe]
8/3W 66¢°T1
Jo Kymoedeo
uondiospe
ue ym
uoqed ysny
nupunoi3d
poreugardur
IOAIS
‘Teaowax
1D 810}

Jo suLe) ug L6

(L00z redon

pue Kaqn(q) yoreq

ov' 11

VN

uoneusardwr
VN 8V 7OSH

sy

anmn mupunoIn

WISAS
(%) Kouaro uon
-1y [eaowey  -diospy

SOUQIJOY SYIRWAY

Hd renrug

(3/3w)
Ayoedes
uondiospy

Juaq
-10Spe 30T

CY)

wn JoBIU0D)

*OU09 TenIuf

juade
SurkyIpo

(7/3u)

[elowr AABOH JuqIOSpy

(ponunuoo) £3|qey

pringer

fH's



72225

Environmental Science and Pollution Research (2022) 29:72196-72246

(000T T8 12 nX)
(000T T8 12 NX)
(000T & 12 NX)

(LooT
‘Te 30 un3ry)

(Looz
‘Te 32 un31y)

(Looz
‘Te 10 un3ry)

sor3oou
-[o9} ssaooxd
JUSLIND UeY)
QATIOQJJO-1S00
arouw 9q
PINOD S[AJ]
uondiospe
a1} Je suol
[eow AAvay
SUL10A0091
pue ur
-AOWAI 10J
yoeoidde

paseq

-)snpmes

uondo
QAT)O9YJ-1S00
pue renudjod
® 11 soyew
3509 J1un Jod
Kyoedes uon
-diospe y3iy
s [eLIo)RW
Y} ‘uoqred
pareanoeut
pue sursax
a3ueyox9-uol
se yons
soourIsqns
aannadwod
Jo yey uey)
JOMO] Sem
ssew jrun
1ad Ayoedes
uondiospe
SISOy
‘Jsnpmes
pagrpouwt
-proe Sursn
paAowal
9q p[nod
s[ejowr AABOH

9'8¢
816
68

€6

8

¥8

yoreg
yoreg
yoreg

yoreg

yoreq

yoreg

6L'1
6L'1
6L'1

L1

LT

VLT

(1/3) ¢
(1/3) ot
(13 ¢

VN

VN

VN

VN

VN

VN

0s

001 9 1°0

001-1°0

001-1°0

VN
VN
VN

[DH

[OH

[DH

annd
(DD
annD

(IDnD

(IDIN

(IAD Isnpmeg

SOUQIJY

SyTRWaY

(%) Kouaro
-1J9 [eAOWY

WISAS
uon
-diospy

Hd renrug

(3/3w)
Ayoedes
uondiospy

Juaq
-10Spe 30T

CY)

wn JoBIU0D)

(7/3u)

*OU09 TenIuf

juade
SurkyIpo

[erowr AABOH JuqIOSpy

(ponunuoo) £3|qey

pringer

as



72226

Environmental Science and Pollution Research (2022) 29:72196-72246

Electrocoagulation (EC), electrodeposition, electrofloatation
(EF), electrodialysis (ED), and electrooxidation (EO) are the
instantly applied techniques for reducing industrial effluents.
Several patents have been found regarding this kind of elec-
trochemical processes (Huang et al. 1989).

Electrocoagulation

Over the previous two decades, an electro-coagulation
method has been practiced to remove heavy metal ions
such as As, Zn, Cr, Hg, Cd, Fe, Ni, Cu, and many others
from industrial wastewater (Al-Qodah and Al-Shannag
2017). In the electro-coagulation process, coagulants are
generated by electrolytic dissolution of Al or Fe ions from
Al or Fe electrodes. The coagulants ions are produced at
the anode, while hydrogen gas is released from the cathode
to assist in the flocculation of the molecules (Fu and Wang
2011; Sharma et al. 2020a). The principle of the electro-
coagulation method is shown in Fig. 7 (Zailani and Zin
2018). In contrast, to chemical coagulation, where several
hours are required and adsorption on activated carbon,
the electro-coagulation method attains faster removal of
effluents from wastewater. However, Kamaraj et al. (2013)
discussed the reduction process for Pb from aqueous solu-
tions by electro-coagulation using magnesium as anode
and galvanized iron as a cathode. With a current density
of 0.8 A/dm? and a pH of 7.0, and an energy consumption
of 0.72 kWh/m?>, they were able to achieve a maximum
removal efficiency of 99.3% for Pb. According to Kamaraj
and Ganesan (2013), direct current was used in an EC
method to extract Cu from water applying magnesium as
both anode and cathode. Cu optimal removal performance

Fig.7 Principle electrocoagula- &

. ()
tion —

OO oo

DC Power

was obtained to be 97.8% and 97.2% at a current density
of 0.025 A/dm? and pH of 7.0, with energy consumption
of 0.634 and 0.996 kWh/m? for alternative current (AC)
and direct current (DC), respectively. Furthermore, Al-
Shannag et al. (2015) discussed the removal of Cu(Il),
Cr(III), Ni(II), and Zn(II) from metal plating wastewater
by EC technique using Fe anodes. They found that using
the pseudo-first-order model to evaluate the removal rates
of these heavy metal ions is acceptable. The elimination
efficiency rises as the EC residence time and DC density
increase, according to their findings. The elimination
effectiveness of heavy metal ions was 97% when using
an EC treatment with a current density of 4 mA/cm?, a
pH 9.56, and an EC time of 45 min. Akbal and Camcidot-
less (2011) investigated the removal of Cu, Cr, and Ni
using Fe and Al electrodes in another investigation. The
removal efficiency of heavy metal ions Cu, Cr, and Ni
rise with increasing pH, current density, and conductiv-
ity. They used a Fe—Al electrode pair in an EC process
to achieve 100% removal efficiency of Cu, Cr, and Ni at
a current density of 10 mA/cm? and pH 3.0, with energy
and electrode consumption of 10.07 kWh/m?® and 1.08 kg/
m?, respectively, and this removal efficiency increased
due to hydrogen formation at the cathode and Al and Fe
formation at the anode. However, Olmez (2009) used the
RSM to investigate the impact of various operating param-
eters on the EC using stainless steel electrodes to remove
Cr(VI) from industry effluent with a high concentration of
1470 mg/L. The study’s findings confirmed that RSM was
an appropriate method for optimizing operating settings
such as 7.4 A applied electric current, 33.6 mM electrolyte
sodium chloride concentration, and EC application period
of 70 min for 100% Cr(VI) removal efficiency. In contrast
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to the other treatment methods, electro-coagulation has
many advantages such as it is fast, simple in operation,
cost-effective, and environmental friendly (Ca et al. 2009).

Electrodeposition

Electrodeposition, also known as electrowinning, is a redox
reaction in which positively (+ ve) charged metal ions (cati-
ons) are reduced and deposited at the cathode, and nega-
tively (— ve) charged metal ions (anions) are oxidized at the
anode. This approach is advantageous and reliable because
no sludge is produced during the process, no additional rea-
gents are required, a highly selective, cost-effective approach
and no stable residues for metal recovery exist (Du et al.
2018). Organic contaminants in wastewater are destroyed
at the anode while heavy metals are reduced and electro-
plated at the cathode during the electrodeposition process
(Chang et al. 2009). An integrated methodology combining
ultrasound and an electrodeposition method was employed
to treat EDTA-copper wastewater. Cu removal efficiencies
of 95.6% w/w follow the order of pH 3>pH 5> pH 7, with
different voltage gradients following the order of 2.0 V/
cm>1.5V/ecm> 1.0 V/cm> 0.5 V/cm > 0.5 V/cm, showing
that it is the most efficient wastewater treatment technology
(Chang et al. 2009)..

Electrofloatation

EF is a solid/liquid separation technique that incorporates
the production of hydrogen and oxygen gases from water
electrolysis in the form of small bubbles due to the pollut-
ants floating to the water body's surface. EF has a variety of
applications that have a lot of potential for removing heavy
metals from industrial effluent. Wastewater effluents float
to the surface of the liquid phase, where they can be easily
separated using this EF process. In the total reaction, water
electrolysis produces oxygen and hydrogen in the solution
(Chen 2004):

2H,0,—20, + 2H, (1)

The heavy metal particles adhere or adsorb to the oxygen
and hydrogen molecules, causing the emulsified particles to
be dismissed and flocs to form (Oliveira et al. 2014). The
separation for the settling of the settled flocs and flotation
of generated foam is carried out in the second step. In the
third step, the collected pollutants are removed by filtration
methods. Kolesnikov et al. (2015) investigated the effect of
several surfactants on the physicochemical parameters of the
dispersion phase for the removal of Cu, Ni, and Zn hydrox-
ides at concentrations of 2, 10, 50, and 100 mg/L at pH

9.5-10.5. Anti-wear oxide electrodes were used to achieve a
removal efficiency of more than 95% with a current density
of roughly 0.2 A/L and a processing time of about 30 min.

On the other hand, Sun et al. (2009) discovered that
employing Fe electrodes in combination with filter paper,
micro, and UF bench-scale experiments could give excellent
residual Ni, Fe, and turbidity results both with and with-
out the addition of external oxygen. The residual Ni and
Fe might meet the metal finishing industry’s discharge regu-
lations with the hybridization of EF without aeration fol-
lowed by microfiltration and aeration-enhanced EF followed
by settling and paper filtration, according to their results.
They came to the conclusion that combining an aeration-
enhanced EF method with microfiltration could provide
higher Ni and Fe removal results. Because this technology
does not produce secondary pollution, it is particularly effec-
tive in the local water purification system.

Electrodialysis

Desalination research in the 1950s led to the development
of ED (Azimi et al. 2017). ED is an ion-exchange mem-
brane separation technique in which ionized species in a
solution are transported through it while an electric potential
is applied (Bruggen and Vandecasteele 2002). When ionic
species in the solution pass through the cell compartments,
they cross anion-exchange and cation-exchange membranes.
At the same time, the anions and cations attract towards the
anode and cathode, respectively (Barakat 2011). Tzaneta-
kis et al. (2003) found some interesting results when they
tested the effectiveness of ion exchange membranes for the
ED of Ni(II) and Co(II) ions from a synthetic solution. Two
cation exchange membranes, sulfonated polyvinylidene fluo-
ride membrane (SPVDF) and perfluorosulfonic Nafion 117
were utilized and compared under similar working condi-
tions. The removal efficiencies of Co(II) and Ni(II) using
the perfluorosulfonic Nafion 117 membrane were 90% and
69%, respectively, with initial metal concentrations of 0.84
and 11.72 mg/L. Nataraj et al. (2007), on the other hand,
constructed and operated an ED pilot plant that included a
set of ion-exchange membranes and a new working system
to test the rejection of Cr(VI) ions. Variations in applied
potential, pH, initial Cr concentration, and flow rates were
used to test the ED unit’s ability. With lower initial con-
centrations of less than 10 ppm, satisfactory results were
obtained in meeting the maximum contaminant limit (MCL)
of 0.1 mg/L for Cr.

ED has a number of benefits, including the ability to pro-
duce a highly concentrated stream for recovery and the abil-
ity to remove undesired effluents from water. Furthermore,
it can be utilized to treat wastewater containing important
metals like Cr and Cu. Because ED is a membrane process,
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it requires a clean feed, careful operation, and regular main-
tenance in order to avoid stack damage (Barakat 2011).

Electrooxidation

When electrochemical decomposition of CN was noticed
in the late nineteenth century, an extensive study on EO for
wastewater treatment was conducted (Kuhn 1971). In gen-
eral, an electrochemical process comprises of redox pro-
cesses occurring at both the anode (e.g., pollutant oxidation)
and cathode (e.g., heavy metal reduction). The basic idea
behind this technique is to take advantage of eliminating
contaminants, which has long been used as a heavy metal
remediation method (Nancharaiah et al. 2015). The electro-
chemical advanced oxidation processes (E-AOP) have raised
the focus of research and application for electrochemical
oxidation methods, which aim to mineralize organic mol-
ecules in process water and wastewater (Muddemann et al.
2019). Most of them are patents, including the electrolytic
advance oxidation processes to treat wastewater, as reported
by (Haddad 2013). Electrochemically generated oxidants can
be found directly on the anode oxidants surface or indirectly
through subsequent reactions with inorganic components
(Botte 2017). Figure 8 illustrates the basic principle of EO.
The anode (M), which involves direct charge transfer pro-
cesses between the anode surface and organic pollutants in
water, is the source of direct anodic oxidation or electrolysis.
Only the arbitration of electrons, which can oxidize some

organic contaminants at particular potentials lower than
the oxygen evolution reaction (OER) potential, constitutes
the mechanism (Garcia-Segura et al. 2018). However, the
growth of polymeric coatings on their surface causes elec-
trode fouling and results in poor chemical decontamination
in this procedure. The indirect oxidation approach, which
has an advantage over the direct oxidation method, depends
on the oxygen evolution region that can be employed to over-
come the issues of direct oxidation. It produces no waste
and does not demand the use of oxidation catalysts in the
solution. Physically adsorbed “active oxygen” (adsorbed
hydroxyl radicals, «OH) or chemisorbed “active oxygen”
(oxygen in the oxide lattice, MO, ;) can potentially result
in direct electrooxidation of pollutants on anodes. Accord-
ing to a survey of research literature, the EO process is
environmentally friendly and highly efficient for organic/
inorganics pollutants elimination. This process was used
to extract CN wastes that were exceedingly concentrated
(50,000 mg/l CN7). During EO, metals can be collected at
the cathode while CN ions are destroyed at the anode (Cheng
et al. 2002).

On the other hand, Valitiniené et al. (2015) used a Ti
electrode covered with a 600 nm average thickness of Pt
as a cost-effective anode to examine the EO process for
CN ion removal from wastewater. The effective EO of a
highly concentrated CN solution (2600 mg/L, or 0.1 M
KCN) approaches a constant value of 3.45 V when a cur-
rent density of 25 mA/cm? is applied. The CN ions are
practically eliminated (from 0.1 to 0.00016 M) when 60%

Fig. 8 Electrooxidation process
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current efficiency is attained, and 69 kC/L of charge is con-
veyed. Szpyrkowicz et al. (1998) employed stainless steel
electrodes for the simultaneous EO of CN and Cu recovery.
Their results displayed that at pH 13, the direct electrooxida-
tion process was suitable and economically convenient. They
also investigated reducing Cu concentration from 470 mg~!
by 79% in 1.5 h, at an energy consumption of 17 kWh/q, and
recovering 335.3 mg of Cu as a pure metal electrodeposited
on the cathode. In a recent study, Kazeminezhad and Mosi-
vand (2017) examined the use of Fe sacrificial sheets in an
electrolytic cell to eliminate Ni and Cu from effluent. Heavy
metal concentrations were resolved using an AAS instru-
ment. The results of the AAS demonstrated that increasing
the applied voltage, electrochemical reaction duration or
pH efficiently reduces the content of heavy metal contami-
nants in the water. It can greatly reduce Ni or Cu concentra-
tion in water when applied at 28 V for 60 min at pH 4.5.
Table 8 shows the results of some study on the removal of
heavy metals from industrial effluent using electrochemical
methods.

Advanced oxidation processes

AOP has grown in popularity in recent years and is now
widely employed to treat industrial wastewater (Korpe
et al. 2019). It is a powerful treatment technique that uses
hydroxyl radicals (OHe) to eliminate refractory organic pol-
lutants effectively. The creation of hydroxyl radicals (HOe)
from hydrogen peroxide (H,0,), ozone, photocatalysis, or
oxidants in combination with the use of ultraviolet (UV)
radiation is the basic principle of AOP. Two or more radical
generators are sometimes used in combination. The HOe,
on the other hand, is primarily responsible for the organic
compound breakdown. It targets practically all organic com-
plexes once it is generated. As a result of the HOe attack, the
organic component is completely broken down, and AOPs
reduce the pollutant concentration from a few hundred ppm
to less than 5 ppb (Mohajerani et al. 2009). AOPs should,
in theory, totally mineralize organic molecules to (CO,)
and (H,0). The Photocatalysis AOP and electro-Fenton tech-
nique are the most commonly utilized in water treatment.

Photochemical advanced oxidation process

Photocatalysis is a type of photochemical AOP that has a
lot of potential due to its ease of application, inexpensive,
high degradation rate, low toxicity, and high stability. Semi-
conductor photocatalysis, first invented in 1972, is a new
wastewater treatment process. Semiconductor photocataly-
sis, which uses UV-irradiated titanium dioxide (TiO,) to
detoxify toxic materials in the aqueous phase, is already a

well-established topic of research (Xu et al. 2006; Meichtry
et al. 2007). It has received a lot of interest as a possible
solution for wastewater treatment and environmental protec-
tion. The electronic structure and photoelectric character-
istics of TiO, are responsible for its catalytic activity. The
band theory can be used to describe the photocatalytic reac-
tion concept (Robert et al. 2004). TiO, has a valence band
and a conduction band, with a bandgap energy of 3.2 eV.
When the surface of TiO2 is irradiated with light equal to
or greater than the bandgap energy of TiO,, the surface is
stimulated, resulting in the production of a hole-electronic
pair with oxidation and reduction abilities. Expression is the
same as Eq. (2).

TiO, + hv—e™ + h* 2)

The produced h™ can oxidize OH- and H,O on the TiO,
surface to OH, and OH can almost totally oxidize all pollut-
ants deposited on the TiO, surface. Any metal ions with a
reduction potential greater than the edge of the TiO, conduc-
tion band can theoretically be reduced by e-. The photocata-
lytic mechanism of TiO, semiconductor is shown in Fig. 9
(Jiang et al. 2012). The series of reactions involved in the
photocatalytic process are as follows:

OH™ +h,,*— « OH 3)
O, +e, =0, 4)
<0, + H*— « HO, ®)
2« HO, -0, + H,0, )
H,0, ++0,-—»0H" + O, @)

Several semiconductor photocatalysts have been exam-
ined and reported, like titanium dioxide (Tryba et al. 2019),
zinc oxide (Shen et al. 2008), tungsten trioxide (Yu et al.
2008), and cadmium sulfide (Di et al. 2009). The applica-
tion research of TiO, photocatalytic degradation of organic
contaminants has been an interesting subject since the late
1960s. Various findings show that TiO, is highly promis-
ing than the other semiconductor photocatalysts for appli-
cations in air purification, water decontamination, adsorp-
tion of contaminants (Tanzifi et al. 2018), and treatment of
wastewater (Shahrezaei et al. 2012) due to its properties
like low cost, non-corrosivity, high chemical resistance, and
antioxidant ability. PC has proven its applications in vari-
ous environmental fields like removal of aqueous pollutants
and metal removal or/and recovery. Organics and inorganics
(heavy metal ions, CN-containing waste, NO,-containing
waste, and so on) can be destroyed simultaneously using this
method (Schrank et al. 2002). Photocatalytic reduction and
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Fig.9 Mechanism of photocatalysis

photocatalytic oxidation are the most common mechanisms
for the elimination of inorganic contaminants. Cr(VI), Hg(II)
and Pb(Il) are currently the focus of additional study on
photocatalytic remediation of metal ions contaminants in
effluent (Kabra et al. 2008; Luo et al. 2017) Eq. (8) depicts
the photocatalytic pathway for heavy metals (Mn* denotes
metal oxide, and M denotes the photocatalysis product).

Mnt +e =M 6]

Cyanide (mainly free cyanogen root) is highly hazard-
ous and is primarily produced by the electroplating industry.
In specific fields, cyanide emissions have recently grown.
Photocatalysis with TiO, may effectively convert poison-
ous CN™ to CO, or CO,>~ and harmless N,. The reaction is
written as follows: (9).

CN™ + %0 +h*—>[0OCN™1-C0,(CO3") + %Nz ©
2

The sol—gel method was used to make a new photocata-
lyst, TiO, doped with neodymium (Nd), which was used
to reduce Cr(VI) photo-catalytically under UV irradiation
(Rengaraj et al. 2007). According to the findings, adding Nd
(IIT) to TiO, catalysts increases the photocatalytic reaction of
Cr(VI) reduction substantially. On the TiO, surface, Nd ions
serve as electron accumulation sites. Charge carriers can be
routed more efficiently towards favorable reduction and oxi-
dation events rather than recombination reactions due to the
better separation of electrons and holes on the modified TiO,
surface. The inclusion of sacrificial electron donors, such as
formic acid aids photocatalytic reduction. Cr(VI) adsorbed

@ Springer
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on the surface of TiO, particles was found to be nearly com-
pletely photo-reduced. A novel anodization-based immobi-
lization technique was applied and tested to overcome the
limitations of powder TiO, (Yoon et al. 2009). An immo-
bilized TiO, electrode was employed to convert dangerous
Cr(VI) to non-toxic Cr(IIl) in an aqueous solution under
UV irradiation. The anodized samples were annealed in an
oxygen stream at temperatures ranging from 450 to 850 °C
after being anodized with 0.5% hydrofluoric acid. Photocata-
lytic Cr(VI) reduction was found to be helpful under acidic
conditions, with 98% of the Cr(VI) being reduced after 2 h
at pH 3 (Yoon et al. 2009).

Electro-Fenton process

The electro-Fenton method is one of the (E-AOP), and it has
been found to be energy efficient for wastewater treatment
as an improved Fenton process. The interaction of polycar-
boxylic acid with hydrogen peroxide (H,0,) was found in
the 1890s by Fenton H.J.H., who observed a substantial pro-
motion in the existence of ferrous ions (Fe?*). An oxidant,
usually H,0O,, and a catalyst, generally Fe in the form of
Fe2* are used in the Fenton process, also known as dark
Fenton. The oxidation of Fe?* results in the formation of
oOH. Simultaneously, in the electro-Fenton approach, the
strong eOH radicals created by the catalytic breakdown of
electrogenerated H,0, in the treated solution facilitate the
destruction of organic pollutants (Asgari et al. 2016). Add-
ing a redox couple to the system causes H,O, to decompose
into highly reactive #OH radicals (Aramyan 2017). For the
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electro-Fenton procedure, the Fe?*/Fe** couple produces the
best results (Pimentel et al. 2008).

Fe** + H,0,—Fe*t + «OH + OH~ (10)

The process can be propagated by regenerating Fe** by
chemical or electrochemical processes (Eqgs. (11)—(14))
(Umar et al. 2010).

Ft + e Fe*t (11
Fe** + H,0,—»Fe** + HO, « +H* (12)
Fe** + HO, « >Fe** + HO} (13)
R+ F&*SR* + Fe** (14)

Anodic oxidation, cathodic reduction, neutralization,
and electrodeposition may be included in the reaction
mechanism, with the metal complex elimination procedure
employing electro-Fenton displayed in Fig. 10.

As a result, electro-Fenton offers several distinct advan-
tages: high removal efficiency, simplified reactor structure,
increased wastewater organic degradability, continuous
generation of H,0, from O, reduction or Fe** from the
Fe anode, lowering treatment costs, the minimization of
secondary pollution, the requirement to adjust current (A)
and voltage (V) throughout the electrolysis process (Xu et al.
2021). The fact that this procedure happens in acidic media
and that Fe removal is necessary are the key applicative
limitations. The electro-Fenton process highly depends on

DC Supply &

N z
«OH Fe** g
= e
g <
E @)
o H,0O,
~ ﬁ

CO, (o))

Fig. 10 Mechanism of the electro-Fenton method

electrode materials, and considerable work has gone into
selecting appropriate conductive materials to optimize metal
complex removal (Burgos-Castillo et al. 2018; An et al.
2019). Carbon felt cathodes were changed by doping with
pyridinic N (Zhou et al. 2020). This alteration produced a
large number of active sites by producing near-ring defects
in the heterogeneous electro-Fenton process for purifica-
tion of Ni(II)-EDTA by replacing C~C groups with nitro-
gen, which greatly reduced H,0, consumption and raised
the utilization ratio.

However, the electro-Fenton process have some advan-
tages, such as electro-Fenton's reagent is inexpensive, the
procedure is simple to set up and maintain, the activation of
H,0, does not require any energy, short reaction time among
all AOP. Some drawbacks include electrode material resist-
ance, high energy consumption needs, low current efficiency,
and Fe?* is used at a faster rate than it is regenerated. As
a result, further investigation is necessary on 3D electrode
materials because they offer significant benefits in terms of
improving current efficiency and lowering energy consump-
tion (Hou et al. 2015; Peng et al. 2015).

Comparison of electroplating wastewater
treatment technologies

Various techniques applied for waste streams generated from
the electroplating industry have been considered and are
equally important for detecting industrial effluents. Overall,
each treatment process has its own set of benefits and draw-
backs. The pros and cons of the different convectional and
advanced treatments studied in this research are summarized
in Table 9.

Status of “zero emission” of electroplating
wastewater

Designing alternative industrial wastewater treatment solu-
tions involving hazardous and non-biodegradable organic
substances that cannot be fully oxidized as a traditional
approach has been a major concern. Most of these physi-
ochemical approaches (i.e., chemical precipitation, coagu-
lation, flocculation, etc.) have proved unsatisfactory due to
the high complexity of the industrial effluents. Due to the
inadequacy of physiochemical techniques, economic, legal,
social, and environmental demands have increased to adopt
the excellent technology at reduced prices and seek “zero
discharge.” Today, “zero emissions’ has evolved into a prob-
lem that we are deeply concerned about. Finally, various
companies have performed substantial research into what
technologies may be used to achieve “zero-emission” of
electroplating effluent (Figs. 11 and 12). To achieve zero
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Table 9 Advantages and disadvantages for electroplating wastewater treatment methods

Techniques

Advantages

Disadvantages

References

Coagulation—flocculation

Ton-exchange

Chemical precipitation

Membrane filtration

Adsorption

Electrochemical meth-
ods: EC (electrocoagu-
lation)

ED (electrodialysis)

EO (electrooxidation)

AOP

o Ease sludge settling

o Cost-effective

o Dewatering qualities

e Removal efficiency is high
o Fast kinetics

e No sludge generation

e High treatment capacity

e Less time consuming

o Ease of operation
e Low capital cost

e High removal efficiency
e Need less space
o Low operating pressure

e Attractive
e Simple
o Inexpensive

o High energy efficiency

e High selectivity

o High capacity

o Cost-effectiveness

o High capacity

e High separation selectivity

o Total removal of persistent
organic pollutants

o Eco-friendly in nature

o [t is simple to integrate
with other conventional
techniques

o Produce less sludge, high
separation

e Can treat nearly all organic
compounds and heavy
metals

e No sludge generation

® Does not concentrate waste
for further step

o Generation of sludge
o Sludge disposal involves high operational
costs

o High resin cost

e Slow operation rate

e Regenerations of resins

o High capital and operational cost

o Produces large quantity of sludge

e Sludge disposal problems

o Ineffective with the low concentration of
metal ions

e Membrane fouling

e Complexity in process

o High operating cost

o Low selectivity

e Limited to certain concentrations of metal
ions

o Adsorbent regeneration is difficult

o High operating cost

e Periodically change of sacrificial anodes

o Sludge production problem

e Clean feed is necessary

e Proper maintenance to avoid stack damage

o Expensive because it needs costly mem-
branes

o High operating cost
e Higher current density

e Relatively high capital and operating/main-
tenance costs

(Ahmed and Ahmaruzzaman 2016)

(Islamoglu et al. 2006)

(Azmi et al. 2018)

(Ahmed and Ahmaruzzaman 2016)

(Golder et al. 2008)

(Meas et al. 2010; Rodrigo et al. 2010)

(Malaviya 2011)

(Garcia-Segura et al. 2018)

(Guan et al. 2020)

Rk P — Advanced Wast-e\mter
—— reclaimed reclaimed rec;g ;rofate
270

Chemical ion
exchange

method
a

Metal salt crude
impurity metal

Fig. 11 Zero discharge of electroplating wastewater
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Electroplating
Workshop

Heavy Metals
Recycling System

Sewage Disposal
System

Advanced Sewage
Treatment and
Reuse System

Sludge Incineration
refining system

Fig. 12 Recycling of heavy metals

discharge, wastewater reuse, metal salt recycling, and other
challenges must be addressed first (Lu and Wu 2020).

Future prospective

The development of efficient and ecologically friendly
wastewater treatment systems is being aided by rising envi-
ronmental concern and social awareness of the health issues
and ecosystem impacts of industrial contaminants. Most
techniques with proper operation can lead to answerable for
the electroplating wastewater treatment. Recovery of heavy
metal ions and effective treatment of electroplating industry
effluents is not feasible economically. Before the selection
of treatment method, a complete analysis of any particular
plant and wastewater generated.

More research study is still required for each technique
to develop it and make it more appropriate. Inventive
methods are needed to advance cheap, readily available,
superior, and long-lasting membranes for membrane fil-
tration. As for electro-dialysis, the improvement of new
designs is necessary to progress the separation efficiency.
Because most of the literature evaluated in this work is
limited to an initial estimation of removal efficiency, it is
critical to pursue further investigations at the pilot-plant
size. As a result, the authors believe that more research

is needed to establish feasible technology at a range of
scales for applications at various locations and scales
around the world and better understand the industrial
effluent rejection phenomenon. More research into these
methods should focus on testing them with real waste-
water and operating them in a continuous mode to allow
for progressive scaling up. Batch treatment systems have
fewer industrial uses than continuous treatment systems.
The majority of literature studies are done in batch sys-
tems; hence there is a need to develop continuous systems.

The electrode material chosen is important since it
impacts the selectivity and efficiency of the electrochemi-
cal process. In other words, anode materials are the essen-
tial part of the electrode, as they regulate the with which
pollutants are oxidized. More research on electrocatalytic
anodic materials is needed to concentrate on lowering the
initial costs of electrode purchase.

The future of wastewater treatment implies a combina-
tion of numerous process and advanced treatment methods
(i.e., AOP). As a result, hybrid procedures or a combi-
nation of modern electrochemical techniques and other
chemical/biological methods are urgently needed, where
a reasonable compromise between acceptable economic
cost, high removal efficiency, and environmental respon-
sibility can be reached.
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Conclusions

Electroplating wastewater treatment for the elimination
of industrial effluents such as heavy metals has seen sig-
nificant performance in recent years and witnessed vast
advancement in applications and technologies. Gener-
ally, a vast amount of research has been carried out by a
more significant number of researchers to remove metals
ions from industrial wastewater by applying many various
technologies. Nowadays, one major challenge is finding
the most cost-effective, efficient, and appropriate method
for removing hazardous contaminants from water bodies.
Most conventional techniques (e.g., chemical precipita-
tion, coagulation, and flocculation) have proven ineffective
due to the high complication of industrial wastewater com-
position. Due to the inadequacy of traditional approaches,
economic, social, legal, and environmental demands have
increased to apply the best technology at reduced prices
and seek “zero discharge.” Each technique has its own
benefits/drawbacks, with different removal efficiencies as
well as characteristics influencing the removal process.
The variable parameters altered removal efficiencies of
Cd, Mn, Ni, Fe, and As from 47 to 99%, while complete
removal of some metals (i.e., Cu, Pd, Cr, and Zn) which
was examined from different technique results and their
experimental condition. The removal efficiency of heavy
metals (47-100%) and reducing their dosage to standard
limits under optimum conditions were achieved using RO,
UF, electroflotation, and electrocoagulation.

The following conclusions could be drawn from the
various techniques which are discussed in the review:

1. Chemical precipitation is a simple and cost-effective way
to treat industrial effluent. It has drawbacks, such as the
operational cost being high due to the sludge disposal.
This approach is extensively used when heavy metal
concentrations are high, but it is inadequate when metal
ions concentrations are low. While the coagulation/ floc-
culation process has a high removal efficiency, it also
produces secondary contaminants, which transfer the
harmful compounds into the environment. During this
treatment, the formation of sludge appears, which must
be handled finally.

2. Anion-exchange process is another method for treating
industrial wastewater. This technology has a minimal
maintenance cost and produces an excellent flow rate of
treated water. However, ion exchange has some benefits,
such as fast kinetics and high treatment capacity. Still,
this process has many problems, such as high resins cost
and resins regeneration requirement due to its fouling.

3. A membrane separation process is another extensively
utilized wastewater treatment method. The recovery of

@ Springer

heavy metal ions with high efficiency is possible with
this technology; however, the disadvantages of this pro-
cess include high membrane cost, membrane fouling,
process complexity, as well as high operating costs,
which have limited their use in heavy metal removal.
Furthermore, the adsorption technique for heavy metal
removal is a relatively new practice. It has proven to
be a great approach for reducing metal contamination.
Furthermore, greater research into low-cost adsorption
processes is needed to increase the large-scale utilization
of non-conventional adsorbents. The usage of low-cost
adsorbents can provide benefits such as cost reduction
and increased heavy metal removal efficiency. Activated
carbon's high cost prevents it from being used in adsorp-
tion. Activated carbons are expensive, and the regenera-
tion process still has some issues. They can only remove
a few micrograms of metal ions per gram of activated
carbon. Overall, the two most important characteristics
in determining the most likely adsorbent for heavy metal
removal from wastewater are accessibility and price.
One of the most often utilized approaches is the electro-
chemical method, which is used to remove toxic efflu-
ents from contaminated wastewater and, according to
a recent literature review, has emerged as a promising
alternative to traditional methods of pollution treatment.
Electrochemical treatment with electroplating wastewa-
ter showed complete removal of Cu, Cr, Zn, and Ni,
while Ni and Pb removal ranged between 95 and 99%.
Other metals which were present in lower concentra-
tions were also effectively removed. This method is ben-
eficial, including producing less sludge, having a high
separation selectivity; it is regarded as quick and yields
good reduction yields. This electrochemical treatment
employs electrical energy to remove contaminants from
water, reusing without chemicals. Furthermore, due to
the short lifetime of electrode material, the utilization of
electrochemical treatment in wastewater is limited.
AOP is now applied for the treatment of industrial waste-
water because of its benefits, which include a strong oxi-
dizer, rapid reaction rates, highly efficient, no secondary
pollutant generation, and non-selective oxidation, which
allows the treatment of several contaminants at the same
time. For the elimination of harmful organic materials
and heavy metals, it is a highly recommended approach.
This technique has the potential to lower pollutant con-
centrations from hundreds of parts per million (ppm) to
a few parts per billion (ppb). Furthermore, AOP systems
utilizing H,O, should be carefully controlled for residual
H,0, as it can have negative effects on subsequent treat-
ment steps. However, by carefully designing the system,
excess residual H,O, and any related repercussions can
be avoided.
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Although all of the above techniques can be based on
some parameters such as pH, initial metal concentration,
wastewater component, environmental impact, and eco-
nomic parameters such as capital investment and opera-
tional costs, it is necessary to highlight that selecting the
most appropriate treatment methods, the overall treatment
performance compared to other technologies are all impor-
tant considerations. Furthermore, plant flexibility, reliability,
technological accessibility, and cost-effectiveness are impor-
tant factors to consider when choosing the most appropriate
and cost-effective treatment system for removing pollutants
and protecting the environment.
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